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Aims The geometry of the mitral apparatus changes dynamically throughout systole and diastole. We investigated how geo-
metric dynamics of the mitral apparatus could affect the haemodynamics of the outflow tract in patients with hyper-
trophic cardiomyopathy presenting with systolic anterior motion (HCMSAM) using three-dimensional (3D)
echocardiography.

Methods
and results

We obtained transthoracic volumetric images in 21 patients with HCMSAM with differing trans-left ventricular (LV)
outflow tract pressure gradient (PGLVOT) and in 23 controls. Original software was used to crop the 3D data
into 18 radial planes; the mitral annulus, leaflets, coaptation point, protruding septum, and papillary muscles (PMs)
tips were traced in each plane. The data were then reconstructed for 3D distance measurements and volumetric
assessment. Shorter coaptation-septal distance (12+4 vs. 21+3 mm, P , 0.001), shorter inter-PM distance
(13+5 vs. 18+4 mm, P ¼ 0.02), and larger mitral tenting volume/body surface area (TVindex) (2.1+1 vs.
0.5+ 0.3 mL/m2, P , 0.001) were associated with HCMSAM vs. control. PGLVOT increased with TVindex (r ¼ 0.51,
P ¼ 0.01), and decreased with coaptation-septal distance(r ¼ 20.83, P , 0.001) and the inter-PM distance
(r ¼ 20.69, P , 0.001) at mid-systole but not at mid-diastole (all P . 0.05). In addition, the coaptation-septal dis-
tance, TVindex, and inter-PM distance correlated each other (all P , 0.05). After adjustment for measures of
mitral geometric change, the coaptation-septal distance was closely associated with PGLVOT (b ¼ 20.73, P , 0.001).

Conclusion These findings suggest that dynamic geometric changes by interaction of PMs, mitral tenting, and the coaptation point
at mid-systole may be important contributors to outflow obstruction in HCMSAM.
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Background
Obstruction of the left ventricular (LV) outflow is an important
pathophysiological component of hypertrophic cardiomyopathy
(HCM) and is associated with adverse clinical outcomes, such
as heart failure and cardiovascular accidents.1,2 Systolic anterior
motion (SAM) of the mitral valve is the cause of dynamic
outflow obstruction in most patients with HCM. SAM is caused
by the protrusion of the mitral valve leaflet, normally supported
by many surrounding structures.3 Many studies support the

concept that primary structural deformities of the mitral appar-
atus, which includes leaflet elongation (including increased size
of both anterior and posterior leaflets or asymmetrical enlarge-
ment of either the anterior leaflet or a posterior leaflet
scallop), papillary muscle (PM) displacement, abnormal coapta-
tion, and chordal slack4– 11 could be primary causes of SAM.
However, it has not yet been determined how these deformities
cause haemodynamic changes in the LV outflow tract (LVOT).
Structural deformities could be related to LVOT pressure devel-
opment; however, it is not known how structural deformities
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primarily observed at the time of diastole in most studies could
cause abnormal haemodynamic changes during systole. It is also
unknown whether many individual structures or one specific
structural deformity affects the pressure gradient in the LVOT.
Because the morphology and location of structural deformities
can change dynamically throughout systole and diastole, dynami-
cally changed positions of the mitral apparatus in systole could
play an important role in creating a haemodynamic obstacle in
the outflow tract. We hypothesized that abnormal geometric
dynamics of the mitral apparatus in patients with HCM presenting
with SAM (HCMSAM) would contribute to haemodynamic dis-
turbance in the outflow tract. Prior experimental studies7,10

found that the PM tips displaced towards one another to
produce relative chordal slack in the central leaflet portions,
possibly creating SAM without septal hypertrophy. Accordingly,
we sought to investigate whether spatiotemporal changes of
the PM and/or mitral tenting, affected by altered PM geometry,
would be related to haemodynamic changes in the outflow
tract of patients with HCMSAM, using real-time three-dimensional
(3D) echocardiography.

Methods

Study population
Forty-one patients were referred for HCMSAM from May 2006 to
September 2007. HCM was diagnosed according to criteria of
maximal septal thickness ≥15 mm and septal to posterior wall ratio
.1.3 at diastole. Inclusion criteria were: (i) a structurally normal
mitral valve, (ii) technically adequate real-time 3D echocardiographic
imaging of the LV chamber and the mitral apparatus to allow for analy-
sis of 3D geometry, and (iii) a normal sinus rhythm. Exclusion criteria
were: (i) structural valvular or subvalvular lesions (such as mitral
valve prolapse or rheumatic disease), (ii) a history of septal reduction
by operation or alcohol ablation, and (iii) other cardiac diseases, such
as ischaemic cardiomyopathy, pericardial, congenital, or infiltrative
heart disease. Four patients had a technically inadequate image,
two had a mid-ventricular obstruction, two had aortic stenosis by
degenerative change, two had mitral prolapse, three had a history of
septal reduction, ten had atrial fibrillation, and seven refused the
study. Twenty-one HCMSAM patients were enrolled in the study.
Twenty-three control subjects were selected. All patients gave
informed consent.

Figure 1 We defined mitral coaptation presented in the 0 view (left plane) as passing through the centre of the aortic valve as a mitral coap-
tation point (blue circle). To determine the shortest distance from the coaptation point to the septum, a protruding septal point (red or yellow
circle) was marked in each plane in control (upper) and obstructive hypertrophic cardiomyopathy (lower) subjects. A red circle indicates the
septal point with the shortest distance to the coaptation point as calculated by computer software.

Figure 2 Anatomical points are presented as x, y, z coordinates for three-dimensional distance measurements; the distances between specific
points were calculated mathematically by computer software.

H.J. Hwang et al.20
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Echocardiographic protocol
All echocardiographic exams were performed with a SONOS 7500
(Philips Ultrasound, Bothell, WA, USA) with an S3 probe for 2D
imaging and an X4 probe for real-time 3D imaging. All the images
were acquired from the left lateral decubitus or the supine position.

Two-dimensional echocardiographic study
All subjects underwent a standard 2D echocardiographic examination.
LV posterior wall and septal thickness were obtained with M-mode
quantification.12 The LV diastolic volumes, systolic volumes, and ejec-
tion fraction were measured by biplane Simpson’s methods and the
left atrial volume index was measured by the prolate ellipsoidal
method.12 Continuous-wave Doppler was used to measure maximal
velocity across the LVOT and the pressure gradient was estimated
by using the simplified Bernoulli equation.13 The severity of mitral
regurgitation was evaluated by vena contracta width of the maximal
SAM induced regurgitant colour Doppler jet.14

Three-dimensional echocardiographic study
Transthoracic volumetric images (full volume mode) were obtained
from the apical view in all subjects. The volumetric frame rate was

16–20 frames/s. All volumetric images were digitally stored and trans-
ferred into a personal computer for off-line analysis. We analysed the
volumetric images using 3D computer software (YD, LTD, Japan).15

First, the axis through the apex and the centre of the annulus was
set by manually rotating the image, defined to the ‘Z’ axis. The volu-
metric images were automatically cropped into 18 radial planes
spaced 108 apart; the 0 view passed through the centre of the aortic
valve, where the axis intersecting the Z-axis was defined as the ‘X’
axis. Tracing was simplified in each cropped plane at mid-systole
[peak T on electrocardiogram (ECG)], approximating the time of
maximal LVOT velocity. To identify the interaction between structures
surrounding the LVOT the annular points, leaflets, tips of the antero-
lateral PM and posteromedial PM, coaptation points of the MV, and the
most protruding septal point were manually traced with different
colours in cropped planes. We defined the mitral coaptation pre-
sented in the 0 degree view passing through the centre of the aortic
valve as a mitral coaptation point (Figure 1). All individual anatomical
points were presented as ‘x, y, z’ for quantitative measurement; ana-
tomical 3D images of the mitral leaflets and annulus were recon-
structed from these data and the distances between specific points
were calculated mathematically by computer software (Figure 2).

Figure 3 For the three-dimensional quantification of mitral tenting, the actual three-dimensional tenting image (left upper and left lower) was
converted to the corrected three-dimensional tenting image (right lower), where the curved mitral annulus was stretched on a flat plane,
keeping the distance from the leaflet to the surface of the annulus the same. In the corrected three-dimensional tenting image, maximum
tenting length, mean tenting length, and tenting volume were calculated.

Cause of dynamic LV outflow tract obstruction 21
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To find out the shortest distance from a coaptation point to the
septum, protruding septal points were marked in each plane and
the distances between two points of the coaptation point and the
septum were calculated mathematically by computer software
(Figure 1). The shortest distance was defined as the coaptation-septal
distance. The tips of two PMs were marked at mid-systole and mid-
diastole and the distance between these two points was calculated
by software. When the PM tips were not visible or difficult to
measure, we moved the axis to accurately identify the PM tips. For
the 3D quantification of mitral tenting, the actual 3D tenting image
was converted to the corrected 3D tenting image, in which the
curved mitral annulus was stretched on a flat plane, keeping the
distance from the leaflet to the surface of the annulus the same. In
the corrected 3D tenting images, the maximum tenting length, mean
tenting length, and tenting volume were calculated (Figure 3).

Statistical analysis
Continuous variables are presented as the mean+ SD. Group com-
parisons used Student’s t-test for parametric analysis and the Mann–
Whitney U test for non-parametric analysis. A value of P , 0.05 was
considered significant. Mutual associations between individual com-
ponents of coaptation point-septum, mitral tenting, and PM were
assessed by Pearson’s correlation coefficient. Stepwise multiple
linear regression analysis was performed to assess the determinants
of the pressure gradient. The univariate correlation coefficients for
these variables were determined and entered into a multivariate
model for predicting the pressure gradient by use of the SPSS 15.0 stat-
istical package (SPSS Inc., Chicago, IL, USA).

Results

Baseline characteristics
Baseline characteristics of normal subjects and patients with
HCMSAM are detailed in Table 1. Compared with normal controls,
the interventricular septal thickness, left atrial volume index, and
ejection fraction were significantly higher in patients with
HCMSAM (Table 1). The LV end-diastolic volume and end-systolic
volume were smaller in the HCMSAM group than in normal con-
trols. The maximal pressure gradient of the LVOT was 48+
32 mmHg (range: 4–118 mmHg) and the mean pressure gradient
was 22+ 16 mmHg (range: 3–57 mmHg). The mean vena con-
tract a width of mitral regurgitation was 2.3+ 3.1 mm (Table 1).

Geometry of the mitral apparatus
in normal subjects and HCMSAM
Geometric measurements of mitral tenting, PM, and the coaptation
point at mid-systole for the two groups are summarized in Table 2.
The coaptation point was closer to the protruding septum in
patients with HCMSAM compared with normal subjects (Figure 1).
Maximum and mean tenting length and tenting volume/body
surface area (TVindex), in corrected 3D tenting images, were sig-
nificantly higher in patients with HCMSAM compared with normal
subjects. The inter-PM distance was shorter in those with
HCMSAM than in normal subjects at mid-systole, approximating
the time of maximal velocity in the outflow tract (13+5 vs.
18+4 mm, P ¼ 0.001), but there was no significant difference
between the two groups at mid-diastole (21+ 3 vs. 22+ 4 mm,
P ¼ 0.42).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Geometric measurements of mitral
apparatus

Controls
(n 5 23)

HCMSAM

(n 5 21)
P

Mitral coaptation

Coaptation-septal
distance, mm

21+3 12+4 ,0.001

Mitral tenting

Maximum tenting
length, mm

5.9+1.5 8.9+2.7 ,0.001

Mean tenting length,
mm

2.1+0.9 3.4+1.6 0.002

Tenting volume/BSA,
mL/m2

0.5+0.3 2.1+1.0 ,0.001

Papillary muscles (at mid-systole)

Inter-PM distance, mm 18+4 13+5 0.001

BSA indicates body surface area; inter-PM distance, the distance from the tip of the
posteromedial papillary muscle to the tip of the anter-lateral papillary muscle.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline characteristics and two-dimensional
echocardiographic parameters

Controls
(n 5 23)

HCMSAM

(n 5 21)
P

Age, year 48+13 52+11 0.36

Female, n (%) 7 (30) 4 (19) 0.38

SBP, mmHg 126+13 117+16 0.16

DBP, mmHg 67+9 70+8 0.12

HR, beats per minute 66+3 63+7 0.22

b-blocker use, n (%) 0 13 (62)

Calcium channel blocker
use, n (%)

0 10 (48)

ACE inhibitor or AT blocker
use, n (%)

0 4 (9)

LVEDV, mL 113+16 86+21 0.03

LVESV, mL 42+7 22+9 ,0.001

LVEF, % 62+8 71+11 ,0.001

IVSd, mm 8+1 19+3 ,0.001

IVSs, mm 12+1 22+3 ,0.001

PWd, mm 9+1 11+3 0.003

LA volume index, mL/m2 20+4 37+12 ,0.001

peak PGLVOT, mmHg 48+32 (4–118)

mean PGLVOT, mmHg 22+16 (3–57)

MR vena contracta width,
mm

2.3+3.1

HCMSAM indicates hypertrophic cardiomyopathy and systolic anterior motion of
mitral valve leaflets; SBP, systolic blood pressure; DBP, diastolic blood pressure;
HR, heart rate; ACE, angiotensin-converting enzyme; AT, angiotensin; LVEDV, left
ventricular end-diastolic volume; LVESD, left ventricular end-systolic volume;
LVEF, left ventricular ejection fraction; IVSd, interventricular septum thickness
at end-diastole; IVSs, interventricular septum thickness at end-systole; PWd,
posterior wall thickness at end-diastole; PGLVOT, pressure gradient of the left
ventricular outflow tract; MR, mitral regurgitation.

H.J. Hwang et al.22
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Geometric interaction of mitral
apparatus for left ventricular outflow
tract pressure gradient in systole
The relationships between geometry of the mitral coaptation
point, mitral tenting, and PM for LV outflow tract pressure gradient
(PGLVOT) at mid-systole are summarized in the Table 3. A close
inverse correlation between PGLVOT and the coaptation-septal dis-
tance (r ¼ 20.83, P , 0.001), and inter-PM distance (r ¼ 20.69,
P , 0.001) was found. PGLVOT increased in association with the
mean tenting length (r ¼ 0.45, P ¼ 0.03) and calculated TVindex
(r ¼ 0.51, P ¼ 0.01). Coaptation-septal distance decreased with
the mean tenting length (r ¼ 20.48, P ¼ 0.02) and TVindex
(r ¼ 20.47, P ¼ 0.02), and increased with the inter-PM distance
(r ¼ 0.68, P , 0.001). TVindex correlated inversely with the
inter-PM distance (r ¼ 20.47, P ¼ 0.02). PGLVOT also increased
with the MR vena contracta width (r ¼ 0.52, P ¼ 0.03). However,
PGLVOT was not correlated with septal thickness, LV systolic and
diastolic volumes, LA volume index, or maximum tenting length
(P . 0.05 in these variables).

The relationship of left ventricular
outflow tract pressure gradient to
papillary muscle geometry in diastole
PGLVOT was not related to the inter-PM distance as measured at
mid-diastole (P . 0.05). There was no significant correlation
between the inter-PM distance at mid-diastole and the coaptation-
septal distance, maximum tenting length, mean tenting length, and
calculated TVindex (all P-values of .0.05).

Independent predictor for left ventricular
outflow tract pressure gradient
In a multiple stepwise linear regression model that evaluated age,
sex, heart rate, septal thickness, LV systolic volume and diastolic
volume, MR vena contracta width, coaptation-septal distance,
TVindex, and inter-PM distance, only the coaptation-septal
distance (b ¼ 20.73, P , 0.001) was a significant predictor of
PGLVOT.

Discussion
The principal finding of this study was that the mitral coaptation
point, mitral tenting, and PMs contributed to the development of
PG in the outflow tract by interacting with each other. Many inves-
tigators have focused mainly on haemodynamic forces, such as the
Venturi effect or flow drag, as causes of dynamic LV outflow
obstruction.3,16 However, some have mentioned the possible
effects of underlying morphological or structural abnormalities
such as septal hypertrophy,17,18 displaced PM,7,11,19 and an
elongated residual mitral leaflet.4,5 We investigated the impact of
geometric dynamics of the mitral apparatus, including mitral
tenting, coaptation point, and PM that create an altered distri-
bution of tension to the mitral leaflets, as they relate to haemo-
dynamic changes and outflow obstruction. This study found that
the location of mitral coaptation towards a protruding septum is
strongly associated with the outflow pressure gradient and is
related to positional change of PM in systole but not in diastole.
The TVindex depends on the distance of two PMs in systole and
that the tenting itself had a sequentially weak effect on the
PGLVOT. This suggests that movement of the coaptation point
towards the outflow tract and tethered leaflets produced by the
close proximity of both PM participate in provoking obstruction
of outflow by propelling the residual leaflet into the outflow
tract stream. The movement and geometric change of the PM
occurring in systole may play a key role in determining the
outflow pressure gradient, even though the coaptation-septal dis-
tance is a statistically independent predictor of PGLVOT.

Integration with previous data
These results support the findings of previous reports, which empha-
size the importance of geometric change of the mitral apparatus,
such as chordal slack10,11 and PM displacement, as a mechanism of
SAM.7,11,19,20 Abnormal mitral leaflet coaptation contributes to
dynamic LV outflow pressure gradients in HCM.9,11 Patients with
obstructive HCM also have primary displacement of the PM ante-
riorly and towards one another with a concomitant anterior shift
of the mitral valve.7,19,21 Inward displacement of the PM towards
one another, as our results and the previous data suggest, would
allow the central leaflet portions to slacken and therefore lead to

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 3 Correlations between geometric parameters of the mitral apparatus and the pressure gradient of the
outflow tract

Mitral coaptation Mitral tenting Papillary
muscles

Coaptation-septal
distance

Maximum tenting
length

Mean tenting
length

Tenting volume/
BSA

Inter-PM
distance

Peak PGLVOT 20.83 (,0.001)* 0.32 (0.15) 0.45 (0.03) 0.51 (0.01) 20.69 (,0.001)

Coaptation-septal
distance

20.41(0.06) 20.48 (0.02) 20.47 (0.02) 0.68 (,0.001)

Maximum tenting length 20.38 (0.08)

Mean tenting length 20.43 (0.04)

Tenting volume/BSA 20.47 (0.02)

*All the values are presented as correlation coefficient (P-value). Abbreviations as in Tables 1 and 2.

Cause of dynamic LV outflow tract obstruction 23
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SAM. Our results also support the previous study done by Sherrid
et al.16 which shows that geometric changes of the mitral apparatus,
at the time of SAM occurring, are important determinants of SAM
but not Venturi effects. Although past studies examined the individ-
ual components of the structurally abnormal mitral apparatus and
their relationship with SAM in an anatomical view, they did not
demonstrate that the severity of the outflow tract obstruction
could be affected by interactive geometric transitions of the mitral
apparatus at the time of maximal LVOT velocity. In contrast our
study showed that sequential geometric alterations of the mitral
apparatus have an impact on the degree of the outflow tract obstruc-
tion as well.

Clinical implications
The immediate and long-term follow-up data of the septal reduc-
tive intervention without corrective manipulation of the mitral
apparatus demonstrated good results in the haemodynamics
and subjective symptoms.22–24 However, some patients
undergo recurrence of obstruction even after initial successful
septal reduction. Extensive septal reduction may modify the intra-
cavitary geometry but also increases the risk for complications. A
combination of limited septal myectomy and correction of the
mitral apparatus may lead to good results with a low operative
risk.24,25

Study limitations
Overestimation of the inter-PM distance may have occurred due to
arbitrarily marking the tip only in the limited number of cropped
images. To reduce such overestimation, we sought to find the
exact location of both PM tips by moving the axis in the volumetric
images. We measured inter-PM distance and coaptation to septal
distance at the mid-systolic phase (around peak T on ECG),
however, due to the limited number of cropped images we
could not obtain exact same time when peak pressure gradient
occur. Owing to the same limitation, we could not exactly
define early systole, and late systole. Therefore, regarding differ-
ences within a systolic phase, we could not find significant
changes between them.

Conclusions
The current study suggests that the coaptation point, mitral
tenting, PM position, and their interactions at the time when
SAM is occurring, may contribute to the development of LV
outflow tract obstruction. The present study found a role for geo-
metric dynamics as one of the mechanisms of outflow obstruction.
We believe our data will expand understanding of outflow tract
obstruction in HCMSAM and may guide the subsequent manage-
ment of these patients.
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